In the extremely thermophilic bacterium Thermus thermophilus HB8, one of the four TetR-family transcriptional regulators, which we named T. thermophilus FadR, negatively regulated the expression of several genes, including those involved in fatty acid degradation, both in vivo and in vitro. T. thermophilus FadR repressed the expression of the target genes by binding pseudopalindromic sequences covering the predicted "10 hexamers of their promoters, and medium-to-long straight-chain (C10-18) fatty acyl-CoA molecules were effective for transcriptional derepression. An X-ray crystal structure analysis revealed that T. thermophilus FadR bound one lauroyl (C12)-CoA molecule per FadR monomer, with its acyl chain moiety in the centre of the FadR molecule, enclosed within a tunnel-like substrate-binding pocket surrounded by hydrophobic residues, and the CoA moiety interacting with basic residues on the protein surface. The growth of T. thermophilus HB8, with palmitic acid as the sole carbon source, increased the expression of FadR-regulated genes. These results indicate that in T. thermophilus HB8, medium-to-long straight-chain fatty acids can be used for metabolic energy under the control of FadR, although the major fatty acids found in this strain are iso-and anteiso-branchedchain (C15 and 17) fatty acids.
INTRODUCTION
In all organisms, fatty acids are components of cellular membranes and sources of metabolic energy. In bacteria, fatty acid incorporation and degradation are controlled at the transcriptional level. They have been mainly studied in Escherichia coli DiRusso & Nyström, 1998; Marrakchi et al., 2002; Rock & Cronan, 1996; Zhang et al., 2002) and Bacillus subtilis Schujman et al., 2003 Schujman et al., , 2006 . In E. coli, four regulatory systems, i.e. the global regulator cAMP receptor protein (CRP), the respiration-sensing ArcA-ArcB two-component system, the osmotic pressure-sensing OmpR-EnvZ two-component system, and FadR, control the expression of the fad genes, which encode proteins catalysing fatty acid incorporation and degradation (Cho et al., 2006; Feng & Cronan, 2010; Henry & Cronan, 1992; Higashitani et al., 1993; Pauli et al., 1974) . FadR, a GntR-family transcriptional regulator, is a repressor of the fad genes (DiRusso et al., 1992; Haydon & Guest, 1991) . In the absence of an excess amount of long-chain (C14-18) fatty acyl-CoAs, FadR binds DNA to repress gene expression, while in the presence of long-chain fatty acyl-CoAs, it binds the acylCoA and undergoes a conformational change, resulting in the derepression of the genes DiRusso & Nyström, 1998; Rock & Cronan, 1996; van Aalten et al., 2001) . On the other hand, E. coli FadR is an activator of the genes involved in unsaturated fatty acid synthesis (Campbell & Cronan, 2001; Henry & Cronan, 1991) . In B. subtilis, a TetR-family protein has been identified as a functional homologue of E. coli FadR . B. subtilis FadR represses fatty acid b-oxidation, and binds a long-chain acyl-CoA (C14-20) to derepress its target genes, as in the case of E. coli FadR ; however, it has not been reported that B. subtilis FadR is an activator of the genes involved in fatty acid synthesis.
Thermus thermophilus HB8, which belongs to the Phylum Deinococcus-Thermus, is an extremely thermophilic bacterium isolated from the water at a Japanese hot spring, and grows at an optimum temperature range of 65-72 u C (Oshima & Imahori, 1974) . Its genome is composed of a 1.85 Mb chromosomal DNA, the 0.26 Mb plasmid pTT27 and the 9.32 kb plasmid pTT8, encoding 1973, 251 and 14 ORFs, respectively [National Center for Biotechnology Information (NCBI) accession nos NC_006461, NC_006462 and NC_006463, respectively]. In this strain, iso-and anteiso-branched fatty acids, such as 12-methyltetradecanoic acid (anteiso-C15), 14-methylhexadecanoic acid (anteiso-C17), 13-methyltetradecanoic acid (iso-C15) and 15-methylhexadecanoic acid (iso-C17), are predominant (Oshima & Miyagawa, 1974; Siristova et al., 2009) . However, the fatty acid metabolism of this strain has not been characterized. In this study, we found that T. thermophilus HB8 could utilize medium-to-long straight-chain fatty acids as metabolic energy, and that this metabolism was negatively regulated by one of the four TetR-family proteins.
METHODS
Overproduction and purification of recombinant FadR. The T. thermophilus fadR (TTHA0101) gene was amplified by genomic PCR, using the primers P01 and P02 (Supplementary Table S1 ), and the amplified fragment was cloned under the control of the T7 promoter (NdeI-BamHI sites) in the E. coli expression vector pET-11a (Novagen), to construct pET11a-ttFadR. The second codon of the ORF, GCC, was converted to GCT in the expression vector. E. coli Rosetta2(DE3)pLysS cells (Novagen) harbouring pET11a-ttFadR were cultured at 37 uC in 12 l Luria-Bertani (LB) broth, containing 50 mg ampicillin ml 21 and 30 mg chloramphenicol ml 21 , for 16 h. The cells were resuspended in 120 ml 20 mM Tris/HCl (pH 8.0) containing 0.5 M NaCl, and disrupted by sonication in ice-water. The same volume of buffer, preheated to 70 uC, was added to the cell lysate. This mixture was incubated for 10 min at 70 uC, and then ultracentrifuged (200 000 g) for 1 h at 4 uC. The supernatant was applied to a RESOURCE ISO column (GE Healthcare), preequilibrated with 50 mM sodium phosphate buffer (pH 7.0) containing 1.5 M ammonium sulfate, and then the bound protein was eluted with a linear gradient of 1.5-0 M ammonium sulfate. The target fractions were collected, and desalted by fractionation on a HiPrep 26/10 desalting column (GE Healthcare). The sample was then applied to a HiTrap heparin column (GE Healthcare) pre-equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 0.5 M NaCl, and the bound protein was eluted with a linear gradient of 0.5-1.5 M NaCl. The target fractions were collected, and applied to a HiLoad 16/60 Superdex 75 pg (GE Healthcare) column, preequilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 0.5 M NaCl. The target fractions were collected, and concentrated with a Vivaspin 20 concentrator (10 000 Da molecular weight cut-off, Sartorius). The protein concentration was determined by measuring A 280 (Kuramitsu et al., 1990) . DTT was then added to a final concentration of 1 mM. Selenomethionine (SeMet)-containing recombinant FadR (Se-FadR) was generated using the methionine auxotroph E. coli Rosetta2 834(DE3), which was obtained by introducing the pRARE plasmid (Novagen) into the B834(DE3) strain (Novagen) as the host. The recombinant strain was grown in LeMaster medium (LeMaster & Richards, 1985) containing 50 mg SeMet ml 21 , 1.0 %, w/v, lactose, 50 mg ampicillin ml 21 and 30 mg chloramphenicol ml 21 . Se-FadR was purified in the same manner as the native protein (see above).
Disruption of the T. thermophilus fadR or TTHA0890 gene. The plasmids pGEM-DfadR, which carries the upstream region (positions 103 077-102 555 of the chromosomal DNA) of the fadR gene, followed by the thermostable kanamycin-resistance marker gene and the downstream region (positions 101 979-101 458 of the chromosomal DNA) of the fadR gene, and pGEM-DTTHA0890, with the downstream region of the TTHA0890 gene in the opposite direction (positions 851 792-851 254 of the chromosomal DNA), followed by the thermostable kanamycin-resistance marker gene and the upstream region of the TTHA0890 gene in the opposite direction (positions 848 905-848 411 of chromosomal DNA), were constructed in basically the same manner as described previously (Shinkai et al., 2007) . These plasmids were each transformed into the T. thermophilus HB8 strain, and the kanamycin-resistant clones were isolated as disruptants of the fadR (DfadR) or TTHA0890 gene (DTTHA0890), as described previously (Hashimoto et al., 2001) . Genomic PCR was performed to confirm the replacement of each target gene by the kanamycin-resistance marker gene.
DNA microarray. The T. thermophilus HB8 strain was cultured at 70 uC for 680 min in 1 l TT medium, as described previously (Agari et al., 2008) . The crude RNA was extracted from each cell, and after cDNA had been synthesized, it was fragmented and labelled with biotin-dideoxyUTP, as described previously (Agari et al., 2008) . The 39-terminally labelled cDNA was hybridized to a TTHB8401a520105F GeneChip (Affymetrix), and then the array was washed, stained and scanned as described previously (Agari et al., 2008) . The raw intensities for the independently cultured four wild-type and three DfadR strains were each summarized to 2266 ORFs, using the GeneChip Operating Software, version 1.2 (Affymetrix). The datasets were then normalized through the following normalization steps using the Subio Platform (Subio), including shifting of low signals less than 1.0 to 1.0, log-based transformation of the data, and global normalization [normalized to 75th percentile (third quartile)]. We excluded several genes with detection levels labelled 'Absent' (Pepper et al., 2007) from the data for the four wild-type strains and the three DfadR strains. The remaining data for 2018 ORFs were used for the following analysis. The t test P values of the observed differences in the normalized intensities between the wild-type and DfadR strains were calculated using the Subio platform, and then from these values, their false discovery rates (q value) (Storey, 2002; Storey & Tibshirani, 2003) were calculated, using the R program (http://www.R-project. org).
In vitro transcription assays: preparation of templates. The upstream regions of all FadR-regulated genes shown in Fig. 2(a) , except TTHA0103, were amplified by genomic PCR, using the primers listed in Supplementary Table S1 . The amplified fragments were digested with BamHI and EcoRI, and cloned into pUC19 (Novagen). Construction of plasmids containing the upstream regions of the TTHA0103 and TTHA1359 genes was performed in basically the same manner as described previously (Shinkai et al., 2007) , using oligonucleotides P19/P20 and P21/P22, respectively (Supplementary Table S1 ). Using each plasmid as template, PCR was performed with primers P23 and P24 (Supplementary Table S1 ) to prepare the template DNA for the transcription assay.
In vitro transcription assays: run-off transcription. Assays were performed in 15 ml reaction mixtures, in the absence or presence of T. thermophilus FadR, in basically the same manner as described Microbiology 157 Strictly conserved residues are represented by white letters on a black background, and similar residues are depicted by boxed letters in bold type. Dr_DR1402, D. radiodurans R1 DR1402 (NP_295125); Bs_FadR, B. subtilis FadR (NP_390733); Sa_QacR, S. aureus QacR (NP_115320). The sequences were aligned using CLUSTAL W2 (Larkin et al., 2007) . The secondary structure was predicted with DSSP (Kabsch & Sander, 1983) , and the figure was generated with ESPript 2.2 (Gouet et al., 2003) . The percentage identities (id.) and similarities (sim.) to Tt_FadR are indicated to the right of the lower part of the figure. reaction was stopped, and the sample was fractionated on a 10 %, w/v, polyacrylamide gel containing 8 M urea, and analysed by autoradiography.
Identification of the transcriptional start site. Primer extension analysis with RNA transcribed in vitro was performed basically according to the method described previously (Shinkai et al., 2007) , with the exception that CRP and cAMP were not utilized. The nucleotide sequence of the template DNA was determined by the dideoxy-mediated chain-termination method (Sanger et al., 1977) . Samples were fractionated on an 8 %, w/v, polyacrylamide gel containing 8 M urea, and analysed by autoradiography.
BIAcore biosensor assay. A DNA fragment (0.1 mM), biotinylated at the 59 end of one strand, was diluted to 50 nM in 10 mM HEPESNaOH (pH 7.4) buffer, containing 0.5 M NaCl, 3 mM EDTA and 0.005 %, v/v, surfactant P20, and then applied to an SA biosensor chip (GE Healthcare) at a flow rate of 2 ml min -1 for 2 min at 25 uC. This yielded 450-500 response units (RU). All experiments for measuring the interaction between the DNA and T. thermophilus FadR were performed at 25 uC, using buffer A (10 mM HEPES-NaOH, pH 7.4, 3 mM EDTA, 0.005 %, v/v, surfactant P20) containing either 0.15 or 0.3 M NaCl. The FadR was diluted with the same buffer, and then injected over the DNA surface at a flow rate of 20 ml min -1 . Sensorgrams were recorded and normalized to a baseline of 0 RU. An equivalent volume of each protein dilution was also injected over a non-treated surface, to determine the bulk refractive index background. At the end of each cycle, the bound protein was removed by injecting 20 ml 1 M NaCl to regenerate the chip. The association and dissociation rate constants were determined by 1 : 1 Langmuir local fitting with the BIAevaluation 3.0 software (GE Healthcare). For lowaffinity binding, the binding data were fitted using general fit-steadystate affinity, assuming a 1 : 1 binding interaction, with the BIAevaluation 3.0 software.
Culture of T. thermophilus HB8 on minimal medium plates. The T. thermophilus wild-type or DTTHA0890 strain was pre-cultured at 70 uC for 16 h in 3 ml TT medium (Agari et al., 2008) , and then 0.1 ml culture broth was inoculated into 20 ml synthetic medium containing 4 %, w/v, sucrose as the sole carbon source (Agari et al., 2008) . When the OD 600 reached~0.5, the cells were collected by centrifugation, washed with 20 ml of the synthetic medium without sucrose, and resuspended in the same medium. The cells were then spread over 1.5 %, w/v, gellan gum minimal medium plates containing either 4 %, w/v, sucrose or 0.025 %, w/v, palmitic acid sodium salt as the sole carbon source. The plates were incubated at 70 uC for 24 h.
RT-PCR analysis. T. thermophilus wild-type cells cultured on minimal medium plates were collected, and total RNA was isolated using an RNAspin Mini kit (GE Healthcare), according to the manufacturer's instructions. Using the RNA (1 mg) as a template, RT-PCR was performed in 20 ml reaction mixtures with a PrimeScript RT-PCR kit (Takara BIO), according to the manufacturer's instructions. The reverse-transcription reaction was performed at 42 uC for 20 min. Using 1 ml of the reaction mixture as template, PCR was performed in the presence of 0.2 mM each of the forward and reverse primers in a 25 ml reaction mixture. After the reaction, the samples were fractionated on a 1.5 %, w/v, agarose gel, stained with ethidium bromide and photographed. The primers used are listed in Supplementary Table S1 . The RT-PCR products were quantified with ImageJ software (http://rsb.info.nih.gov/ij/index.html).
Crystallization and X-ray diffraction data collection: FadR in complex with E. coli-derived fatty acyl-CoA. The crystals used for the single-wavelength anomalous dispersion (SAD) phasing were obtained by the sitting-drop vapour diffusion method, by equilibrating a mixture of 0.7 ml recombinant Se-FadR protein (2.8 mg ml 21 ), obtained as described above, with an equal volume of a reservoir solution containing 20 %, w/v, PEG 3350 and 0.2 M diammonium hydrogen phosphate, against 0.1 ml of the reservoir solution at 293 K. Crystals grew within 14 days to maximum dimensions of 150660630 mm. The crystal was mounted on a cryoloop, and flash-cooled in a nitrogen gas stream at 100 K. The diffraction datasets were collected at 0.9793 Å with a MAR MX-225 chargecoupled device (CCD) detector (Rayonix LLC), using a Structural Genomics Beamline II synchrotron (BL26B2) (Ueno et al., 2006) at SPring-8 (Hyogo, Japan). The oscillation angle was 0.5u, the exposure time 5 s per frame and the camera distance 210 mm. The crystals used for the refinement were obtained by the microbatch method, by mixing 1 ml of the protein solution (2.8 mg ml 21 ) with 0.7 ml of a precipitant solution containing 5 %, w/v, PEG 6000 and 0.2 M dipotassium hydrogen phosphate, and covering the drop with 15 ml oil (paraffin : silicon57 : 3) at 293 K. Crystals grew within 16 days to maximum dimensions of 0.160.160.05 mm. The diffraction datasets were collected in basically the same manner as described above, with the exception that the exposure time and camera distance were 6 s per frame and 180 mm, respectively. 
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Crystallization and X-ray diffraction data collection: FadR in complex with externally added lauroyl-CoA. To obtain the crystals, 190 ml Se-FadR (7.9 mg ml
21
) was mixed with 4 ml 10 mM lauroyl-CoA (Sigma), and then an aliquot of the solution (0.6 ml) was mixed with an equal volume of reservoir solution, containing 0.1 M Tris/HCl (pH 8.5) and 0.1 M sodium acetate trihydrate. The sitting-drop vapour diffusion method was performed against 0.1 ml of the reservoir solution at 293 K. Crystals grew within 5 days to maximum dimensions of 0.160.160.05 mm. The diffraction datasets were collected in basically the same manner as described above, with the exception that the wavelength, oscillation angle, exposure time and camera distance were 1 Å , 1.0u, 10 s per frame and 180 mm, respectively.
All diffraction images were processed using the HKL2000 program suite (Otwinowski & Minor, 1997) .
Phasing and structure determination. Selenium sites were determined with the SOLVE program (Terwilliger & Berendzen, 1999) , and the resulting phases were improved with the RESOLVE program (Terwilliger & Berendzen, 1999) . The SAD-phasing data obtained from the crystal of FadR in complex with E. coli-derived fatty acyl-CoA (see above) were also used for the structure determination of FadR in complex with externally added lauroyl-CoA. The initial model was built with the ARP/wARP program (Perrakis et al., 2001) , and further manual model building was performed using Coot (Emsley & Cowtan, 2004) . Simulated annealing, energy minimization and B factor refinement were performed using the CNS program package (Brünger et al., 1998) . Cycles of manual modelling and CNS refinement were performed, and 10 % of the total reflections were randomly chosen for the R free sets. The quality of the structure was validated using the ADIT! Validation Server in PDBj (http://pdbdep.protein.osaka-u.ac.jp/ validate/en/) and MolProbity (http://molprobity.biochem.duke.edu/). The data collection and refinement statistics are presented in Table 2 .
Other methods. The N-terminal sequence analyses of the proteins were performed with a protein sequencer (Procise HT, Applied Biosystems). To estimate the molecular mass of T. thermophilus FadR, gel-filtration chromatography was performed with a HiLoad 16/60 Superdex 75 column. BLAST and conserved domain database (CDD) searches were performed on the http://blast.ncbi.nlm.nih.gov/Blast.cgi and http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml websites, respectively. The percentage identity and similarity to the amino acid sequence of T. thermophilus FadR were determined using the EMBOSS pairwise alignment algorithm program (http://www.ebi.ac.uk/Tools/ emboss/align/).
RESULTS

Initial characterization of the TTHA0101 (FadR) protein
The TTHA0101 ORF encodes 205 amino acid residues (NCBI accession no. YP_143367), with a predicted molecular mass of 23.6 kDa. Based on the results of a CDD search (Marchler-Bauer et al., 2002) , the protein has a conserved domain of a TetR-family transcriptional regulator, comprising residues I15-L59, with an e value of 5.56e-08 for the consensus sequence (pfam00440). A BLAST search revealed that the homologous protein most closely related to TTHA0101 was present in T. thermophilus HB27 (e value51e-108), with two amino acid substitutions, R88H and H89Y. The other homologues with lower e values were from Meiothermus ruber DSM 1279 (8e-72), Thermus aquaticus Y51MC23 (1e-71), Meiothermus silvanus DSM 9946 (1e-61), Deinococcus deserti VCD115 (3e-53), Deinococcus geothermalis DSM 11300 (8e-52) and Deinococcus radiodurans R1 (5e-49) (Fig. 1) , and most of these homologues were annotated as TetR-family transcriptional regulators. We found that the TTHA0101 protein is a transcriptional regulator that may be involved in fatty acid degradation (see below); therefore, we named this protein T. thermophilus FadR, as it functionally resembles the FadR proteins from other species .
T. thermophilus FadR was overexpressed in E. coli, and the recombinant protein was purified from the cell lysate. The lysate was subjected to heat treatment at 70 u C for 10 min, and after centrifugation, the supernatant was fractionated on a hydrophobic column. This was followed by hydroxyapatite and gel-filtration column chromatography steps. The protein was purified to .95 %, based on SDS-PAGE (data not shown). The N-terminal amino acid sequence of the purified protein was AVREY, indicating that the Nterminal methionine had been removed (data not shown). The molecular mass of FadR, as estimated by gel-filtration chromatography, was~40 kDa, suggesting that T. thermophilus FadR exists as a homodimer in solution ( Supplementary Fig. S1 ).
Screening of T. thermophilus FadR-regulated genes
Using GeneChip technology, we observed that the expression profile of the fadR mRNA did not vary significantly during cultivation in rich medium at 70 u C (OD 600 50.1-7.0) (Supplementary Fig. S2 ). In order to determine the effects of T. thermophilus FadR in vivo, we disrupted the fadR gene and compared its growth with that of the wild-type. The DfadR strain was viable, indicating that the gene is not essential in this strain; however, it exhibited a slight growth defect from early stationary phase in rich medium ( Supplementary Fig. S2 ).
To identify the genes regulated by FadR, four wild-type and three DfadR strains were cultured for 680 min in rich medium, and the expression of each mRNA was analysed on a GeneChip. The expression level of the fadR mRNA in the DfadR strain, relative to that in the wild-type, was 0.08 (detection call was 'Absent'), indicating that the fadR gene was disrupted. From the 2018 genes analysed, we selected those that showed altered expression in the DfadR strain, with q values ¡0.07. In total, 93 genes on the chromosomal DNA (designated TTHA) and five genes on the megaplasmid pTT27 (designated TTHB) were selected as candidate genes regulated by FadR (Supplementary  Table S2 ). Among the 98 genes, 68 were upregulated in the DfadR strain (Supplementary Table S2 ).
Effects of T. thermophilus FadR on in vitro run-off transcription
Of the 98 genes that showed altered expression in the DfadR strain (q value ¡0.07) (Supplementary Table S2) , we found nine promoters that were transcribed by the T. thermophilus RNAP and whose transcription was repressed by FadR (Fig. 2a) . The expression of the genes downstream of TTHA0103, TTHA0400, TTHA0890, TTHA1144 and TTHB017 was also increased in the DfadR strain (Table 1) . Therefore, these genes may form operons, such as TTHA0103-0101, TTHA0401-0400, TTHA0890-0892, TTHA1144-1146 and TTHB017-012, as supported by the genome sequence analysis (NCBI accession nos NC_006461 and NC_006462). FadR did not affect the transcription of the TTHA1359 gene (Fig. 2a) , and its expression was not significantly altered in the DfadR strain (q value50.14), indicating that FadR specifically represses the transcription of the aforementioned nine promoters. To identify the transcriptional start sites of the FadRregulated genes, the transcripts synthesized in vitro were reverse-transcribed, and their 39-terminal nucleotides were identified ( Fig. 3 and Supplementary Fig. S3 ). The results indicated that the transcriptional start sites of the genes are 6-8 bp downstream from the predicted 210 hexamers in their promoters. Table 1 summarizes the genes that are under the control of the FadR-dependent promoter found in this study, as well as the altered expression levels in the DfadR strain relative to those in the wild-type. Among the 21 proteins, 10 belong to category I (lipid transport and metabolism) of the Clusters of Orthologous Groups (COGs). According to a BLAST search, the amino acid sequences of 13 out of the 21 proteins showed high homology to those of E. coli and/or B. subtilis proteins involved in fatty acid degradation (Table 1) .
Since the X-ray crystal structure analysis revealed a fatty acyl-CoA bound to FadR (see below), we investigated the effects of various fatty acyl-CoA molecules on the activity of FadR in an in vitro transcription assay (Fig. 2b) . Each fatty acyl-CoA was added to the reaction mixture at a 20-fold higher concentration (20 mM) than that of FadR. The malonyl (C3)-and octanoyl (C8)-CoA molecules had no effects on the activity of FadR. We found that decanoyl (C10)-CoA partially inhibited FadR activity, and in the presence of lauroyl (C12)-, myristoyl (C14)-, palmitoyl (C16)-and stearoyl (C18)-CoA, transcriptional repression by FadR was barely observed. The effects of the long-chain unsaturated fatty acyl-CoA molecules, such as palmitoleoyl Fig. S3 ). Numbers represent the position from the transcriptional start site. Predicted start codons are indicated by italic type. The start codon of the TTHA1144 gene is predicted to be 34 bp downstream from the transcription start site. Nucleotides R and N represent G or A, and G, A, T or C, respectively. At the bottom of the figure, the sequence logo (Schneider & Stephens, 1990) of the putative FadR-binding site created by WebLogo (Crooks et al., 2004) is shown. The positions of the ligands A, B and C, used for the BIAcore biosensor analysis (see Fig. 4) , are indicated at the top of the figure. (C16 : 1)-, oleoyl (C18 : 1)-and linoleoyl (18 : 2)-CoA, were the same as those of the long-chain saturated fatty acylCoA molecules. FadR may not be denatured under these conditions, because its fluorescence spectrum (excitation wavelength, 280 nm; emission wavelength, 300-400 nm) remained essentially unchanged in the presence of 20 mM of any of the fatty acyl-CoAs used for the transcription assay (data not shown). These results indicate that FadR loses the ability to repress the target genes in the presence of medium-to long-chain (C10-18) fatty acyl-CoAs.
DNA-binding ability of T. thermophilus FadR
In order to identify the FadR-binding region on the FadRregulated promoters, we investigated the ability of FadR to bind dsDNAs with sequences corresponding to the promoter region of a FadR-regulated gene, by means of BIAcore analysis. The nucleotide sequences of the three DNA ligands were designed based on the sequence upstream of the TTHA0890 gene, i.e. they corresponded to the predicted 235 hexamer of a promoter (ligand A), a region containing a pseudopalindromic sequence covering the predicted -10 hexamer of a promoter and its transcriptional start site (ligand B), and a downstream region containing several coding sequences (ligand C) (Fig. 3) . Each dsDNA was immobilized on the streptavidin surface of a sensor chip, through biotin conjugated at the 59 end of one of the strands, and then FadR was injected over the DNA surface at 25 u C (Fig. 4a-c) . Kinetic constants for the binding with the aforementioned ligands were determined from the sensorgrams obtained with various concentrations of FadR. We found that FadR bound ligand B the most tightly, with association rate constant, dissociation rate constant and dissociation constant values, determined by Langmuir local (Fig. 4b) . FadR also bound ligands A and C, but with lower affinities as compared with that for ligand B. The dissociation constant values for ligands A and C, determined by fitting the data with the steady-state affinity format, were 1.2±0.6610 24 and 3.6±3.4610 26 M, respectively (Fig. 4a, c) . We confirmed that FadR did not bind dsDNA containing the T. thermophilus CsoR-binding sequence, 59-GGCGTACCCC-ACCCCACCTGGGGTGGGGTAGGAG-39 (Sakamoto et al., 2010) (data not shown). These results suggest that FadR binds the promoter regions of the FadR-regulated genes, and that it specifically recognizes a region containing a pseudopalindromic sequence including the predicted 210 hexamer of a promoter and its transcriptional start site, which is conserved in these regions of FadR-regulated genes (Fig. 3) . Thus, the pseudopalindromic sequences are the putative FadR-binding sites.
Next, we investigated the effects of fatty acyl-CoA molecules on the DNA-binding ability of FadR. The DNA-binding ability of FadR gradually decreased with increasing concentrations of lauroyl-CoA (Fig. 4d) . However, the FadR was not denatured by the highest concentration of lauroylCoA used in this experiment (100 mM), because it was crystallized in the presence of lauroyl-CoA (see below). On the other hand, this effect was not observed in the case of octanoyl-CoA, up to a 100 mM concentration (Fig. 4e) . The fatty acyl-CoA molecules did not bind DNA (data not shown). These results were consistent with those from the in vitro transcription assay (Fig. 2b) .
Activity of T. thermophilus FadR in vivo
We found that wild-type T. thermophilus HB8 could grow on a minimal medium plate containing palmitic acid as a sole carbon source; however, the DTTHA0890 strain could not (Fig. 5) . TTHA0890 is one of the FadR-regulated gene products, and is a putative 3-hydroxyacyl-CoA dehydrogenase, which may be involved in fatty acid b-oxidation. Therefore, the results suggest that the FadR-regulated genes are induced in the wild-type strain under growth conditions with palmitic acid as the sole carbon source. By means of RT-PCR analysis, we confirmed that the expression of the TTHA0890 gene increased by~2.2-fold in the wild-type strain grown on the minimal medium plate containing palmitic acid as the sole carbon source, as compared with that in the strain grown on the minimal medium plate containing sucrose as the sole carbon source (Fig. 6) . The expression of another FadR-regulated gene, TTHA0846, was also increased~3.1-fold, while that of the fadR gene itself hardly changed (~1.2-fold increased) (Fig. 6) . These results suggest that FadR is released from the DNA, and the FadR-regulated genes are induced in vivo in response to externally added fatty acid. The T. thermophilus wild-type strain could not be grown in a synthetic liquid medium containing palmitic acid as the sole carbon source, for unknown reasons.
X-ray crystal structure of T. thermophilus FadR
The crystal structure of Se-FadR, produced in E. coli, was determined by the SAD method, and was refined to 2.25 Å resolution, with crystallographic R work and R free factors of 22.0 and 26.3 %, respectively (Table 2) . We found excess electron density, possibly corresponding to an E. coliderived fatty acyl-CoA molecule, on a concave region of the C-terminal domain (data not shown). The length of the acyl chain of the putative fatty acyl-CoA was around C12, although it was unclear, which may have caused the relatively high R free value. Therefore, we co-crystallized FadR with lauroyl-CoA and determined the X-ray crystal structure. The structure was solved at a resolution of (Table 2) . Since the overall mainchain structure was almost the same as that of the former structure, with a root mean square deviation (RMSD) of 0.275 Å , we analysed the latter structure. The asymmetrical unit of the crystal comprised one homotetramer (chains A, B, C and D) of FadR. Since T. thermophilus FadR exists as a homodimer in solution ( Supplementary Fig. S1 ), the tetrameric structure may have been formed by crystal packing. The overall structure of FadR is shown in Fig. 7(a) . The final model contains one molecule of externally added lauroyl-CoA per FadR monomer, except for chain D, in which the ligand was refined as lauric acid, because the electron density of the CoA moiety was disordered. Since the lauroyl-CoA was effective for transcriptional derepression of T. thermophilus FadR (see above), this structure may represent the DNA-unbound form of FadR. The final model shows an all-helical structure comprising 10 a-helices, a1 (R3-R25), a2 (A32-A39), a3 (R43-Y49), a4 (E54-A77), a5 (P82-R99), a6 (K101-L112), a7 (P116-A125), a8 (L128-G143), a9 (L151-Y172) and a10 (L178-G192), for chain A (Figs 1 and 7a) . Note that there are several disordered regions that are not included in the model: A1 and G203-L204 for chain A, A1-R9 and L204 for chain B, A1 and G202-L204 for chain C, and A1-K8 and L204 for chain D. The overall structure was compared with existing structures in the PDB database, using the DALI (Holm & Sander, 1998) server. The closest structures were the putative TetR-family transcriptional regulator from Syntrophomonas wolfei str. Goettingen [PDB code: 3LWJ, Z517.9, RMSD53.7 Å , sequence identity (IDE)521.6 %], B. subtilis FadR in complex with lauroylCoA (PDB code: 1VI0, Z516.8, RMSD53.7 Å , IDE519.5 %) , a probable transcriptional regulator TetR-family protein from Rhodococcus sp. RHA1 (PDB code: 3BJB, Z516.3, RMSD53.0 Å , IDE521.9 %) and the Staphylococcus aureus QacR mutant (E120Q) in complex with malachite green (PDB code: 3BR0, Z515.8, RMSD52.6 Å , IDE517.7 %) (Fig. 1) . The Nterminal domain of T. thermophilus FadR, composed of a typical helix-turn-helix motif (a2-3) with positively charged surfaces (Fig. 7b) , may be the DNA-binding domain. The distance between two Ca atoms of the amino acid residues located in the centre of the a3 helices (F47), which may interact with the major groove of the DNA, is 42.8 Å , which is greater than those of the DNA-binding forms of E. coli TetR (Orth et al., 2000) and S. aureus QacR (Schumacher et al., 2001) , supporting the proposal that the crystal structure of T. thermophilus FadR is the DNAunbound form. The acyl chain moiety of the lauroyl-CoA bound to the FadR penetrates into the centre of the FadR molecule (Fig. 7b) , and the tunnel-like substrate-binding pocket is surrounded by more than 10 hydrophobic residues, derived from the a4-9 helices (Fig. 7d, e) . The CoA moiety of the lauroyl-CoA may bind to the surface of the FadR molecule by electrostatic interactions between the phosphate groups of the CoA moiety and the basic residues of FadR (Fig. 7b, f) .
DISCUSSION
In this study, we found that one of the four TetR-family transcriptional regulators of T. thermophilus HB8, which we named T. thermophilus FadR, is a repressor that controls the expression of genes that are likely to be involved in fatty acid degradation. Functionally similar transcriptional regulators exist in other species, such as E. coli and B. subtilis , indicating that the regulatory system for fatty acid degradation in this extremely thermophilic bacterium is similar to that of mesophiles. B. subtilis FadR, like T. thermophilus FadR, belongs to the TetR family, while E. coli TetR belongs to the GntR family. Furthermore, 11 homologues out of the 15 B. subtilis FadR-regulated genes that constitute the fatty acid degradation pathway were found among the 21 T. thermophilus FadRregulated genes (Table 1) . Moreover, the amino acid sequences of those T. thermophilus gene products are similar to those of B. subtilis, rather than those of E. coli (Table 1) . Thus, the fatty acid degradation system in T. thermophilus may resemble that in B. subtilis, rather than that in E. coli. T. thermophilus FadR recognizes a straight-chain fatty acylCoA to derepress the genes involved in fatty acid degradation. T. thermophilus HB8 was able to grow using palmitic acid as the sole carbon source, which increased the expression of FadR-regulated genes. Moreover, TTHA0604 (long-chain fatty acyl-CoA synthetase), whose expression is controlled by FadR, binds myristoyl-AMP to synthesize myristoyl-CoA (Hisanaga et al., 2004) . Thus, in T. thermophilus HB8, straight-chain fatty acids may be degraded for use as carbon sources under the control of FadR, although the major fatty acids found in this strain are branched-chain fatty acids. It remains to be elucidated whether T. thermophilus FadR can recognize branched-chain fatty acyl-CoA molecules for degradation, as in the case of B. subtilis FadR .
We found that T. thermophilus FadR bound the promoter regions of target genes containing pseudopalindromic sequences [consensus sequence: 59-TTANACT(N 6-7 ) ARNNNAR-39], covering the predicted 210 hexamer of the promoter and its transcriptional start site. The consensus sequence of the putative FadR-binding site is different from those of S. aureus QacR (Grkovic et al., 1998) and B. subtilis FadR , indicating that the DNA-binding mechanisms differ among the TetR-family proteins, although their 3D structures are similar to each other.
The structural mechanisms of repression and derepression by the TetR-family transcriptional repressors have been elucidated (Orth et al., 2000; Schumacher et al., 2001; Willems et al., 2008) . According to those authors, the ligand binds close to either a6 or the loop between a6 and a7, and conformational changes occur to increase the distance between the DNA-recognition helices, a3 and a39. The X-ray crystal structure of the T. thermophilus FadRlauroyl-CoA complex revealed that the acyl chain of the ligand interacts with a6 through the L104, M107, F108 and L111 residues (Fig. 7d) ; therefore, the mechanisms of repression and derepression by T. thermophilus FadR might be similar to those of other TetR-family proteins. T. thermophilus FadR is structurally similar to B. subtilis FadR; however, lauroyl-CoA is not effective for B. subtilis FadR to derepress the target genes , in contrast to the case of T. thermophilus FadR. The distance between the two Ca atoms of the amino acid residues located in the centre of the a3 helices (Y44) of B. subtilis FadR (the DNA-binding form), which possibly interact with the major groove of DNA, is~4 Å shorter than in the case of T. thermophilus FadR (the DNA-unbound form); thus, no dramatic structural differences were found between the two structures. The transition between the DNA-bound and -unbound forms of T. thermophilus FadR might be subtle or difficult to observe, as in the case of another TetR-family protein, Streptomyces coelicolor ActR (Willems et al., 2008) . Further biochemical and structural studies will be needed to elucidate the regulatory mechanism of FadR, and the fatty acid degradation system of this thermophilic bacterium. 
